1. Introduction {#sec1-molecules-24-04534}
===============

Tetracycline (TCH) is the most widely used veterinary and human antibiotics type \[[@B1-molecules-24-04534],[@B2-molecules-24-04534]\], however, approximately 50%--80% of the ingested TCH is excreted from the body through the urinary system \[[@B3-molecules-24-04534]\]. TCH is a harmful residue if it is not been adequately pre-treated and is released into the soil or aquatic environment \[[@B4-molecules-24-04534]\]. Generally, TCH with a low concentration (\<1 mg L^−1^) in natural waters arouses great concerns of toxic effects and may have the potential to spread antibiotic resistant genes. It is an urgent task for us to remove the low concentrations of TCH for safe water supplies. The adsorptive method is a good solution, but it requires adsorbents with high adsorption capacity.

Activated carbon (AC) provides a stronger adsorption affinity to adsorbate among other adsorbents \[[@B5-molecules-24-04534]\]. It is a low-cost and environmentally friendly choice, as a large number of abandoned bagasse resources are used to prepare activated carbon. Bagasse is not only rich in C atoms but also has numerous --OH groups, some of which remain in the pyrolysis, while other parts forms new chemically-reactive oxygen functional groups \[[@B6-molecules-24-04534]\]. AC contains not only a benzene ring but also many chemically reactive oxygen functional groups (--OH, --COOH, etc.), which can be used for chemical modification \[[@B7-molecules-24-04534]\]. The --NH~2~ group in the TCH can form a π--π interaction and a cation--π bond with the benzene ring on the ZnCl~2~ activated bagasse-based activated carbon (ZBAC). During the pyrolysis process, cellulose and hemicellulose in bagasse (about 50 wt% cellulose and 25 wt% hemicellulose) are decomposed at 202 °C to produce levoglucosan (LGA) and anhydrosugar polymers. The isomerization reaction occurs after LGA dehydration which forms other anhydrosugars and furans \[[@B8-molecules-24-04534]\]. The pyrolysis product is polymerized to form activated carbon at 600 °C. The activated carbon produced by direct the pyrolysis of bagasse has a small specific surface area (S~BET~ was about 376.08 m^2^ g^−1^), and ZnCl~2~ helps to form more porous structures during pyrolysis (S~BET~ was about 831.23 m^2^ g^−1^) because ZnCl~2~ catalyzes the Scholl condensation reaction during pyrolysis. The above-mentioned macromolecular polycyclic compounds in bagasse form porous structures during pyrolysis at high temperatures \[[@B9-molecules-24-04534]\].

However, how activated carbon's effect on the fate of tetracycline hydrochloride (TCH) in water has become a question demanding a quick solution, and few reports have paid attention to the adsorption and desorption behavior and mechanism. Desorption behavior influences not only the fate of TCH in the environment, which is still a primary concern, but also the efficient recycling of the adsorbent \[[@B10-molecules-24-04534]\]. The structure--activity relationship of adsorbents plays a significant component in the adsorption and desorption process. The adsorption affinity between the adsorbent and the adsorbate determines adsorption and desorption behavior. In this work, adsorption and desorption performances of tetracycline hydrochloride by activated carbon derived from sugar cane bagasse activated with ZnCl~2~ and their mechanisms were studied.

2. Results and Discussions {#sec2-molecules-24-04534}
==========================

2.1. Materials Structure and Composition {#sec2dot1-molecules-24-04534}
----------------------------------------

SEM images of bagasse, ZBAC and regenerated ZBAC ware shown in [Figure 1](#molecules-24-04534-f001){ref-type="fig"}. [Figure 1](#molecules-24-04534-f001){ref-type="fig"}b shows parallel tunnel-type pore structure compared to [Figure 1](#molecules-24-04534-f001){ref-type="fig"}a, which indicated that ZnCl~2~ activation and pyrolysis process contributed to the formation of a new pore structure in bagasse. This is one of the reasons why ZBAC had high-efficiency adsorption performance compared to BAC. It can be seen from [Figure 1](#molecules-24-04534-f001){ref-type="fig"}c that some of the pore structure remained after desorption, which indicated that ZBAC can be reused several times. What is more, S~BET~, D~P~, and V~mic~ of BAC and ZBAC were shown in [Table S1](#app1-molecules-24-04534){ref-type="app"}, and ZBAC had a larger S~BET~, smaller D~P~, and larger V~mic~ than BAC. ZnCl~2~ catalyzed the Scholl condensation reaction and formed a porous structure during the carbonization process \[[@B9-molecules-24-04534]\]. No sharp peak in ZBAC was shown in the XRD pattern ([Figure S1a](#app1-molecules-24-04534){ref-type="app"}, marked with "AC"), which revealed a predominantly amorphous structure of activated carbon in ZBAC. The broad peak was an advantageous characteristic that made bagasse suitable for the preparation of the activated carbon adsorbent \[[@B11-molecules-24-04534]\]. The TGA/DTGA of bagasse and ZIB are shown in [Figure S2](#app1-molecules-24-04534){ref-type="app"}. There was no obvious weight loss above 600 °C in [Figure S2b](#app1-molecules-24-04534){ref-type="app"}, therefore 600 °C was the minimum carbonization temperature for ZIB pyrolysis to prepare ZBAC \[[@B12-molecules-24-04534]\]. FTIR spectroscopy of bagasse, ZBAC, and TCH load ZBAC are shown in [Figure S1b](#app1-molecules-24-04534){ref-type="app"}. The bands at 1118, 1086, and 880 cm^−1^ were related to C--N stretching vibrations, C--H symmetric deformation vibrations, and N--H deformation vibrations \[[@B13-molecules-24-04534]\]. Comparing the spectroscopy before and after adsorption, the band at 1086 cm^−1^ was weakened after adsorption and new bands of 880 cm^−1^ appeared. The ring structure in the TCH and aromatic rings in ZBAC promoted π--π interactions, and cation--π bonding occurred between the ZBAC and the easily protonated --NH~2~ which was located on the ring C4 of the TCH. FT-IR analysis confirmed the successful combination of ZBAC and TCH, indicating that bagasse was beneficial to TCH adsorption after ZnCl~2~ activation and pyrolysis \[[@B14-molecules-24-04534]\].

2.2. Batch Adsorption Experiments {#sec2dot2-molecules-24-04534}
---------------------------------

### 2.2.1. Effect of pH {#sec2dot2dot1-molecules-24-04534}

The pH of the TCH solution is an important parameter for controlling the adsorption capacity of the ZBAC. The adsorption of TCH decreased from 149.4--135.3 mg g^−1^ as the pH increased from 2 to 10 ([Figure 2](#molecules-24-04534-f002){ref-type="fig"}a). When the pH continued to increase to 12, the adsorption capacity slumped to 79.25 mg g^−1^. The adsorption efficiency was only 53% of the maximum when the pH was 12. These results indicated that many of the reactive functional groups sited on the surface of the ZBAC, such as --OH and --COOH, were passivated or blocked when pH \> 10. This phenomenon usually occurred during the chemisorption. Tetracycline (TC) was an amphoteric substance with different ionizable groups on the molecule surface at different pH values ([Figure 2](#molecules-24-04534-f002){ref-type="fig"}a insert). The dominated TC (H~2~TC) species were H~3~TC^+^ at pH \< 3.4, H~2~TC at pH of 3.4--7.6, HTC^−^ at pH of 7.6--9.0, and TC^2−^ at pH \> 9 \[[@B13-molecules-24-04534]\]. The pH~pzc~ of ZBAC was 8.3 ([Figure 2](#molecules-24-04534-f002){ref-type="fig"}b). Thus, the electrostatic attraction between TC and ZBAC increased with the decreasing of pH when pH \< 8.3. Correspondingly, q~e~ of ZBAC decreased when pH \> 8.3. This was mainly caused by the disadvantageous electrostatic conditions between TC (HTC^−^ and/or TC^2−^) and ZBAC surfaces \[[@B15-molecules-24-04534]\].

### 2.2.2. Adsorbent Dosage Studies {#sec2dot2dot2-molecules-24-04534}

Different mass of ZBAC (0.1, 0.2, 0.3, 0.4, 0.5 g) was added in 240 mg L^−1^ TCH solutions, and the solution concentration at the equilibrium adsorption was measured ([Figure 2](#molecules-24-04534-f002){ref-type="fig"}c). The q~m~ was 119.8 mg g^−1^ when the ZBAC was 0.2 g. The adsorption performance of ZBAC was determined and the next experiment was designed through this experiment. [Table 1](#molecules-24-04534-t001){ref-type="table"} listed comparison of ZBAC adsorption capacity with several kinds of bioresource-based activated carbons.

### 2.2.3. Kinetics Studies {#sec2dot2dot3-molecules-24-04534}

The q~t~ was quickly reached near to the adsorption equilibrium in 30 min at 298 K ([Figure 3](#molecules-24-04534-f003){ref-type="fig"}). Then, it took a long time (120 min) to rise slowly and reach adsorption at the equilibrium point, while it took only 20 min at 318 K. Consequently, the time required to reach the adsorption equilibrium point was shorter as the temperature increased, which indicated that high temperature contributed to the adsorption process.

The non-linearized form of pseudo first-order kinetics model (Model I, Equation (1)) and the pseudo second-order kinetics model (Model II, Equation (2)) were used to simulate the kinetic data, as follows \[[@B20-molecules-24-04534]\]:$$q_{t}\  = \ q_{e}\left( 1 - e^{- k_{1}t} \right),$$ $${q_{t}{\  = \ }\frac{q_{e}^{2}k_{2}t}{{\ 1\  + \ q}_{e}k_{2}t}}{}$$

The initial adsorption rate equation (Equation (3)) \[[@B21-molecules-24-04534]\]:$$k_{0}{\  = \ k}_{2}q_{e}^{2}$$

The adsorption kinetics fitted better with Model II than Model I ([Table S2](#app1-molecules-24-04534){ref-type="app"}). The *R^2^* of Model II (0.9437, 0.9106, 0.9988) were higher than Model I (0.8523, 0.9481, 0.9864). Model II was believed to fit experimental data more accurately. Therefore, the adsorption behavior of TCH was followed by Model II, which indicated that the adsorption process was mainly via chemisorption \[[@B22-molecules-24-04534]\].

TCH could permeate from the ZBAC surface to the inner surface by intraparticle diffusion. The intraparticle diffusion model (Model ID) was evaluated with the following Equation (4) \[[@B23-molecules-24-04534]\]:$$q_{t}{\  = \ k}_{i}t^{\frac{1}{2}}{\  + \ C}$$

There were higher *R^2^* values (0.9083, 0.9426, and 0.9136) in the Model ID ([Figure 4](#molecules-24-04534-f004){ref-type="fig"}a) than Model I and Model II ([Table S2](#app1-molecules-24-04534){ref-type="app"}). The results showed the intraparticle diffusion model could be better fitted with the adsorption process because of the porous structure of ZBAC, which was considered to be the key process of ZBAC adsorption TCH. In order to further clarify the rate-determining step and adsorption mechanism in the adsorption process, the Model ID was fitted into two sectors ([Figure 4](#molecules-24-04534-f004){ref-type="fig"}b), and the resulting parameters were shown in [Table 2](#molecules-24-04534-t002){ref-type="table"}. In the first sector, TCH was diffused to the surface of ZBAC for adsorption in the liquid phase. In the second sector, TCH was gradually adsorbed on ZBAC, where intraparticle diffusion played a leading role in this sector. The slopes of the two sectors obtained through calculation were different. The slope of the first sector (1.073, 1.250, and 2.079) were much higher than the slope of the second sectors (0.3948, 0.5875, and 0.7908), indicating that the surface adsorption rate in the first sector was faster than the gradual adsorption rate in the second sector and intraparticle diffusion was not the only rate-determining step. The entire adsorption process was complex, which was determined by surface adsorption and intraparticle diffusion.

### 2.2.4. Adsorption Isotherm {#sec2dot2dot4-molecules-24-04534}

Three adsorption models were utilized to study the adsorption performance: Langmuir, Freundlich and Dubinin−Radushkevich isotherm models. Langmuir isotherm model (Model L) was a monolayer adsorption process with uniform distribution of adsorbates without any interaction \[[@B24-molecules-24-04534]\]. The Langmuir isotherm was (Equation (5)) \[[@B23-molecules-24-04534]\]:$$\frac{c_{e}}{q_{e}}{\  = \ }\frac{1}{q_{0}k} + \frac{c_{e}}{q_{0}}$$

The dimensionless constant separation factor (*R~L~*) could be used to judge whether the adsorption process was favorable for the Model L. The *R~L~* calculating equation was as follows (Equation (6)) \[[@B25-molecules-24-04534]\]:$$R_{L}{\  = \ }\frac{1}{{1\  + \ {Kc}}_{0}}$$

The value of *R~L~* was calculated to range from 0.001 to 0.022 ([Table S3](#app1-molecules-24-04534){ref-type="app"}). As listed above, proving porous structure contributed to adsorption because the *R~L~* was not only in the range of 0--1 but also much less than 1.

While the Freundlich isotherm model (Model F) was multilayer adsorption, as followings (Equation (7)) \[[@B26-molecules-24-04534]\]:$${lnq}_{e}{\  = \ {lnk}}_{f}{\  + \ }\frac{1}{n}{lnc}_{e}$$

The value of 1/n was calculated to range from 0.007 to 0.538 ([Table S4](#app1-molecules-24-04534){ref-type="app"}), which between 0--1, suggesting that TCH could be easily adsorbed on the ZBAC \[[@B27-molecules-24-04534]\]. The adsorption isotherm curve and the fit curve were shown in [Figure 5](#molecules-24-04534-f005){ref-type="fig"}. Because the *R^2^* for TCH obtained from Model F (0.9048, 0.9070, and 0.9922) were higher than Model L (0.8011, 0.9499, and 0.9830), Model F could exactly match the experimental data in both models. The k~f~ (Freundlich constants) calculated from the Model F were 73.82, 148.9, and 276.7, which indicated that physisorption and chemisorption together constituted the adsorption process of ZBAC adsorption TCH \[[@B28-molecules-24-04534]\].

Dubinin−Radushkevich isotherm model (Model DR) could be used to predict adsorption energy, as follows (Equation (8)) \[[@B29-molecules-24-04534]\]:$${lnq}_{e}{\  = \ {lnq}}_{m}~{- \ \mathsf{\varepsilon}}^{2}$$

*K'* (*E*, kJ mol^−1^) was related to express the adsorption energy (Equation (9)):$${E\  = \ }\frac{1}{\left( {2K^{\prime}\ } \right)^{\frac{1}{2}}}$$

Adsorption energy calculated from the figure of ln*q~e~* versus *E* were listed in [Table S4](#app1-molecules-24-04534){ref-type="app"}. The adsorption process could be regarded as chemisorption when *E* \> 8 kJ mol^−1^, which was in the range of 13.51\~17.96 kJ mol^−1^ in this study. It was also found that the adsorption process had a high correlation with the Model ID (0.9068, 0.9961, and 0.9907). Therefore, the adsorption process in this study was closely related to chemisorption.

The type of adsorption can be decided by some thermodynamic parameters, such as Gibbs free energy (ΔG). ΔG is calculated as follows (Equation (10)):$$\Delta G\  = \  - \ {RTlnK}$$ where K represents the adsorption equilibrium constant (from Langmuir model). The calculated ΔG under 298 K, 308 K, and 318 K were 1.827, 0.275, and --1.014 KJ mol^−1^ respectively. It can be seen that ΔG decreased with increasing temperature, from less than 0 to greater than 0, which indicated that the adsorption process of ZBAC was feasible and spontaneous thermodynamically when temperature increased. This was why initial rate of the adsorption capacity increase with increasing of the temperature.

2.3. Fixed Bed Adsorption Experiments {#sec2dot3-molecules-24-04534}
-------------------------------------

Define the following parameters according to the previous research: the breakthrough point is *C~t~*/*C~0~* = 10%, and saturation point is *C~t~*/*C~0~* = 90% \[[@B30-molecules-24-04534]\]. These parameters of fixed bed adsorption were summarized in [Table 3](#molecules-24-04534-t003){ref-type="table"}. The calculation methods for empty bed contact time (EBCT, Equation (11)) and mass transfer zone (MTZ, Equation (12)) were \[[@B30-molecules-24-04534]\]:$${{EBCT}\  = \ }\frac{{Bed}\ {volume}}{{Flow}\ {rate}}$$ $${{{MTZ}\  = \ H}\left( {{1\  - \ }\frac{t_{b}}{t_{s}}} \right)}{}$$

### 2.3.1. Effect of Flow Rate {#sec2dot3dot1-molecules-24-04534}

The experimental data under various *Q* were shown in [Figure 6](#molecules-24-04534-f006){ref-type="fig"}a. It had been observed the breakthrough curve had a steeper slope, and *t~b~* became shorter when *Q* increased. The slower *Q* provided a longer time for TCH to occupy the adsorption site on ZBAC. Accelerating flow rate contributed to the promotion of the mass transfer rate, while the adsorption capacity of ZBAC was not significantly reduced \[[@B18-molecules-24-04534]\].

### 2.3.2. Effect of Bed Height {#sec2dot3dot2-molecules-24-04534}

The experimental data under various *H* were shown in [Figure 6](#molecules-24-04534-f006){ref-type="fig"}b. The increase in fixed bed height meant more mass of ZBAC and more longitudinal distribution. Diffusion of TCH into the ZBAC increases with the higher bed. It could conclude that *t~s~* increased significantly when *H* heightened. The higher *H* represented a longer EBCT, a wider mass transfer zone, and a lower slope during the adsorption process \[[@B31-molecules-24-04534]\].

### 2.3.3. Effect of Initial Concentration {#sec2dot3dot3-molecules-24-04534}

The experimental data under various *C~0~* were shown in [Figure 6](#molecules-24-04534-f006){ref-type="fig"}c. It provided a stronger driving force when the *C~0~* of TCH increased \[[@B32-molecules-24-04534]\]. Higher *C~0~* of TCH provided more TCH to bind to the adsorption site of ZBAC, which might be the reason for an increase in adsorption capacity. The adsorption procedure required more time to reach the equilibrium due to the *C~0~* of TCH increased, so the saturation time increased and the slope decreased.

### 2.3.4. Effect of Temperature {#sec2dot3dot4-molecules-24-04534}

The experimental data under various temperatures were shown in [Figure 6](#molecules-24-04534-f006){ref-type="fig"}d. It provided a stronger driving force and equilibrium concentration was closer to the initial concentration when the temperature rose. This result was consistent with the kinetic study that high temperatures accelerated the absorbed velocity and adsorption could reach equilibrium point quickly.

### 2.3.5. Modelling of Breakthrough Curves {#sec2dot3dot5-molecules-24-04534}

The calculated parameters of the six models at various experimental conditions are listed in [Table 4](#molecules-24-04534-t004){ref-type="table"}. The equations for the six models are listed in [Table S5](#app1-molecules-24-04534){ref-type="app"} \[[@B30-molecules-24-04534]\]. The *R^2^* of five of the models (except the Clark model) ranged from 0.9228 to 0.9966. The *R^2^* of the Clark model was calculated to fall between 0.8374 and 0.9246. This indicated well-fitting results between the experimental data and the fixed bed data generated from these models. Consequently, the Dose Response model was believed a fitting model for ZBAC adsorption of TCH because it had the highest *R^2^* amongst all models.

The q~0~ rose when *C~0~* increased in the Dose Response and Thomas model, which was consistent with the actual experimental data. Moreover, q~0~ rose as *H* increased in those two models, which may be attributed to an increase in the residence time of the TCH and an increase in the ZBAC mass. Similar results were found in the Adams--Bohart and BDST models, and as *C~0~* rose, volumetric adsorption capacity decreased \[[@B33-molecules-24-04534]\]. *τ* in the Yoon--Nelson model indicated the time required to reach 50% retentions. *τ* reduced obviously as *Q* increases because the adsorption in the fixed bed reached saturation at a higher value of *Q* and the calculated value of *τ* was consistent with the experimental data.

2.4. Fixed Bed Desorption Experiments {#sec2dot4-molecules-24-04534}
-------------------------------------

TCH (240 mg L^−1^) loaded ZBAC was desorbed by anhydrous alcohol which was regarded as eluent \[[@B34-molecules-24-04534]\]. Ethanol provided hydrogen bonds that bound to hydrogen bond acceptors on the TCH for separating the TCH from the adsorbent active sites on the ZBAC. The elution curve was similar to the breakthrough curve, while referred to the desorption process. It was observed from [Figure 7](#molecules-24-04534-f007){ref-type="fig"} that the elution curve had an asymmetrical distribution shape, and the released TCH concentration rapidly increased at the initial stage, followed by decreasing to a flat state.

Experimental breakthrough curves were used to calculate the amount of TCH desorbed per mass of ZBAC, as follows \[[@B35-molecules-24-04534]\]:$$q_{{total},d}{\  = \ }\frac{Q}{1000}\int_{t\  = \ 0}^{{t\  = \ t}_{{total},d}}C_{f}{dt}$$

The amount of TCH desorbed, q~e,d~, through the following equation:$${q_{e,d}{\  = \ }\frac{q_{{total},d}}{M}}{}$$

Desorption parameters were summarized in [Table 5](#molecules-24-04534-t005){ref-type="table"}. Although the maximum concentration (*C~p~*) could be reached quickly when the flow rate was increased, the total adsorption process concentration factor (*CF~p~* = *C~p~*/240) and desorption efficiency were decreased, which did not contribute to desorption \[[@B36-molecules-24-04534]\]. It could be observed that the value of *CF~p~* was not high because the eluent was not completely effective and part of the TCH remained at the adsorbent site of the ZBAC. Consequently, this remained part of the TCH in desorption was considered to be irreversible adsorption. Comparing *C~p~* with 240 mg L^−1^, it was speculated that ZBAC can be recycled 2--3 times.

2.5. XPS Analysis {#sec2dot5-molecules-24-04534}
-----------------

XPS analysis helps to further study the adsorption mechanism. Broadbands at 284.68, 286.30, and 287.82 eV in [Figure 8](#molecules-24-04534-f008){ref-type="fig"}a corresponded to C=C-C, C--OH, and C--O bonds in bagasse, respectively. Two bands at 531.10 and 532.55 eV in [Figure 8](#molecules-24-04534-f008){ref-type="fig"}b represented O--H and C--O in phenols, separately \[[@B37-molecules-24-04534]\]. The C1s spectrum of ZBAC ([Figure 8](#molecules-24-04534-f008){ref-type="fig"}c) was resolved into three individual component bands: C=C (284.37 eV), C--OH (286.04 eV), and --COOR (288.90 eV). In the N1s of TCH loaded ZBAC spectrum, the bands at 399.60 and 401.96 eV correspond to N--H and C--N bonds, separately \[[@B38-molecules-24-04534]\]. This also proved that TCH was successfully adsorbed onto the ZBAC. Comparing the C1s spectra of ZBAC- and TCH-loaded ZBAC, no difference was found in the functional group types, but the proportion slightly changed after adsorption. Lots of oxygen-containing groups were produced on the ZBAC after ZnCl~2~ activation and pyrolysis, such as --OH and --COOH, which might be involved in the adsorption of the TCH. The pH of the TCH in aqueous solution was 3.5, thus TCH existed in the cation form and acted as a π-electron-acceptor in the sorption process. In addition, some oxygen-containing groups on the ZBAC surface served as electron-donating groups \[[@B15-molecules-24-04534]\]. Considering four aromatic rings in TC, the cation--π bonding might be one of the adsorption mechanisms \[[@B3-molecules-24-04534]\]. In this study, cation--π bonding occurred between ZBAC and --NH~2~. The group of --NH~2~ which was located on the ring C4 of the TC could be easily protonated. The activated carbon was prepared by ZnCl~2~ activated bagasse and then pyrolysed, which provided many sites for adsorption, improving the adsorption capacity of TCH \[[@B15-molecules-24-04534]\]. N--H on TCH bound to ethanol as a hydrogen bond acceptor after adsorption of TCH by ZBAC. Therefore, it could be speculated that hydrogen bonding of TCH and ethanol was the desorption mechanism of ZABC.

2.6. Adsorption and Desorption Mechanism {#sec2dot6-molecules-24-04534}
----------------------------------------

There were two main adsorption mechanisms involved between ZBAC and TCH. They were intraparticle diffusion and chemisorption:

(**a**) The *R^2^* of Model ID were 0.9083, 0.9426, and 0.9136 when the temperature was in the range of 298--318K, respectively. The higher *R^2^* indicated that the TCH adsorption process on ZBAC fitted well with the intraparticle diffusion model, which was a vital process in the adsorption.

(**b**) The pH of TCH in aqueous solution was 3.5. The form of TCH was cation, acting as π-electron acceptor. The ZBAC surface had some oxygen-containing groups, such as --OH and --COOH, which served as electron-donating groups. It was speculated that ring structure in TCH and aromatic ring in ZBAC promote π--π interaction in them. Cation--π bonding occurred between the ZBAC and the easily protonated --NH~2~ which located on the ring C4 of the TCH. The adsorption mechanism was illustrated in [Figure 9](#molecules-24-04534-f009){ref-type="fig"}. There were two forms of existence of π--π interaction: Offset face-to-face and edge-to-face.

The desorption mechanism explained the procedure of elution of TCH on ZBAC by anhydrous ethanol. Ethanol was aprotic solvent that binds to 10 hydrogen bond acceptors in TCH, making TCH slightly soluble in ethanol. [Figure 7](#molecules-24-04534-f007){ref-type="fig"} showed that a slower flow rate of TCH resulted in a higher desorption capacity, helping the TCH to separate from the ZBAC. However, the *CF~p~* value was low, indicating that the hydrogen bonding was insufficient to separate all of the TCH from the ZBAC. Therefore, this part of TCH that could not be desorbed was irreversible adsorption on ZBAC, which also indicated that ZBAC was relatively difficult to desorb while having higher adsorption capacity.

3. Materials and Methods {#sec3-molecules-24-04534}
========================

3.1. Materials {#sec3dot1-molecules-24-04534}
--------------

The bagasse was collected by Guangdong (China) Sugarcane Industry Research Institute. ZnCl~2~ (≥97%), HCl (37%), NaOH (≥96%), and anhydrous alcohol (≥99.5%) were purchased from the Chinese market. Tetracycline hydrochloride (USP) was purchased from Aladdin Industrial Corporation (Shanghai, China).

3.2. Preparation of the Absorbents {#sec3dot2-molecules-24-04534}
----------------------------------

The preparation of the adsorbent in this study involved a two-step process: (1) impregnation of pre-carbonization bagasse with ZnCl~2~, followed by (2) pyrolysis with nitrogen at 600 °C (10 °C/min, 120 min) in a tube furnace (Carbolite, Modular Horizontal Tube Furnace, GHA 12/600) to develop the extended surface area and porous structure of ZBAC \[[@B39-molecules-24-04534]\]. In the impregnation step, bagasse was pyrolyzed at 250 °C for 120 min at first, then the ZnCl~2~ was added to bagasse (impregnation ratio = 2:1, *w*/*w*), and finally, the mixture was desiccated at 100 °C for 24 h \[[@B40-molecules-24-04534]\]. The sample of the impregnation step was called ZnCl~2~ impregnated bagasse (ZIB). The sample prepared without activation by ZnCl~2~ was named bagasse activated carbon (BAC).

3.3. Characterization {#sec3dot3-molecules-24-04534}
---------------------

Morphological and structural analysis of bagasse and ZBAC surface was imaged using HitachiTM 3030(Hitachi, Ltd, Tokyo, Japan). Using Micromeritics ASAP 2020 (Micromeritics Instrument Corp, Norcross, USA) to determine the S~BET~, V~mic~, and D~P~ of the BAC and ZBAC. Crystallographic characterization was determined by XPert Pro (PANalytical, Malvern, WR14 1XZ, United Kingdom). Thermogravimetric experiments of bagasse and ZIB were tested using a thermogravimetric analyzer (HITACHI, STA7300, Hitachi, Ltd, Tokyo, Japan). FTIR analysis of bagasse and ZBAC were recorded using Nicolet 6700 spectrometer (Thermo Fisher Scientific, Waltham, MA USA 02451). Zeta potential analysis of ZBAC under diverse pHs (tested by PHS-3C, INESA Scientific Instrument Co., Ltd, Shanghai, China) was performed using Zetasizer Nano (Series Nano-ZS, Malvern, WR14 1XZ, United Kingdom). Surface chemical groups of the ZBAC and loaded ZBAC were analyzed by X-ray photoelectron spectroscopy (ESCALAB 250Xi, Thermo Fisher Scientific, Waltham, MA USA 02451).

3.4. Adsorption Experiments {#sec3dot4-molecules-24-04534}
---------------------------

ZBAC (0.1, 0.2, 0.3, 0.4, and 0.5 g) were put into TCH solution (*C~0~* = 120--240 mg L^−1^, V = 50 mL, pH = 3.5) in batch adsorption. The experimental parameters were described in detail in the figure caption. The mixed solution was shaken at different temperature (298, 303, and 313 K) for 48 h to ensure equilibrium adsorption was reached \[[@B41-molecules-24-04534]\].

Fixed bed adsorption was performed in a glass column (φ = 12.5 mm, H = 60 mm). Different masses of ZBAC (0.8, 1.0, and 1.2 g) were added at the bottom of the glass column, filling the remaining part with quartz sand \[[@B30-molecules-24-04534]\]. TCH concentrations were recorded at 274 nm by using UV-Visible spectrometer (SHIMADZU UV-1800, Kyoto, Japan) to obtain a breakthrough curve \[[@B42-molecules-24-04534]\].

TCH (240 mg L^−1^) loaded ZBAC with the same mass was desorbed by anhydrous alcohol at three flow rates (1.0, 1.5, and 2.0 mL min^−1^), and a breakthrough curve was drawn accordingly.

4. Conclusions {#sec4-molecules-24-04534}
==============

Adsorption and desorption behaviors and mechanisms of bagasse-based activated carbon activated with ZnCl~2~ for TCH removal were studied by adsorption experiments, morphology characteristics and chemical properties analysis. The optimal ZBAC which had a maximum value of *S~BET~* as 831.23 m^2^ g^−1^, a *V~mic~* as 0.453 cm^3^ g^−1^, a *Dp* as 2.519 nm that were obtained by these conditions as follows: 2:1 impregnation ratio, 600 °C pyrolysis temperature for 120 min. The maximum adsorption capacity of ZBAC was 239.6 mg g^−1^ in this paper. The equilibrium data in batch adsorption experiments fitted well with Model II, Model ID, and Model F. Six mathematical models were used to fit the breakthrough curve in the fixed bed adsorption experiment, coming out that Dose Response model was the most fitted for the fixed bed model of ZBAC adsorption TCH. The elution curves were studied by using anhydrous alcohol. The slower flow rate was beneficial to increase *C~p~* and *CF~p~*, but desorption efficiency was lower overall. Some of the TCH remained at the adsorption site of ZBAC, which was considered to be irreversible adsorption. It was speculated that there were two adsorption mechanisms for TCH on ZBAC: a) Intraparticle diffusion on ZBAC, and b) π--π interaction and cation--π bonding between ZBAC and TCH. The desorption mechanism was that the hydrogen bond in the ethanol bound to the hydrogen bond receptor on the TCH, separating the TCH from the ZBAC. This study provides an important reference for a deeper understanding of the adsorption and desorption mechanisms of TCH on ZBAC. ZBAC as a recyclable renewable bio-resource material has potential in wastewater disposal.
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![SEM images of (**a**) bagasse, (**b**) nCl2 activated bagasse based activated carbon (ZBAC), and (**c**) repeated use of ZBAC.](molecules-24-04534-g001){#molecules-24-04534-f001}

![(**a**) Effect of pH (*C~0~* = 300 mg L^−1^, V = 50 mL, 0.1g ZBAC, T = 298 K); (**b**) Zeta potential of ZBAC as a function of pH; (**c**) Effect of adsorbent dosage (*C~0~* = 240 mg L^−1^, V = 100 mL, pH = 3.5, T = 298 K).](molecules-24-04534-g002){#molecules-24-04534-f002}

![The Model I and Model II of TCH onto ZBAC (**a**) 298 K; (**b**) 308 K; (**c**) 318 K (*C~0~* = 120 mg L^−1^, pH = 6, V = 100 mL, ZBAC = 0.5 g).](molecules-24-04534-g003){#molecules-24-04534-f003}

![Intraparticle diffusion models of TCH onto ZBAC (**a**) overall fitting; (**b**) Two-sector fitting.](molecules-24-04534-g004){#molecules-24-04534-f004}

![Adsorption equilibrium isotherm of TCH onto ZBAC: Model L and Model F fitting curve. (*C~0~* = 240, 300, 360, 420, 480 mg L^−1^, pH = 3.5, V = 50 mL, ZBAC = 0.1 g).](molecules-24-04534-g005){#molecules-24-04534-f005}

![Breakthrough curves of TCH adsorption by ZBAC using fixed-bed columns of (**a**) different flow rates (C~0~ = 240 mg L^−1^, H = 3 cm, pH = 3.5, T = 298 K), (**b**) different bed height (Q = 1.0 mL min^−1^, C~0~ = 240 mg L^−1^, pH = 3.5, T = 298 K), (**c**) different initial concentrations (Q = 1.0 mL min^−1^, H = 3 cm, pH = 3.5, T = 298 K), and (**d**) different temperature (Q = 1.0 mL min^−1^, C~0~ = 240 mg L^−1^, H = 3 cm, pH = 3.5).](molecules-24-04534-g006){#molecules-24-04534-f006}

![Elution curves for desorption of TCH from ZBAC by using anhydrous alcohol at different flow rates.](molecules-24-04534-g007){#molecules-24-04534-f007}

![XPS spectra of bagasse and ZBAC: (**a**) C1s of bagasse, (**b**) O1s of bagasse, (**c**) C1s of ZBAC, (**d**) O1s of ZBAC, (**e**) C1s of TCH loaded ZBAC, and (**f**) N1s of TCH loaded ZBAC.](molecules-24-04534-g008){#molecules-24-04534-f008}

![The schematic diagram illustrated the TCH adsorption and desorption mechanism on ZBAC.](molecules-24-04534-g009){#molecules-24-04534-f009}
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###### 

Comparison of tetracycline hydrochloride (TCH) adsorption ZBAC ability with other bioresource-based activated carbon reported in references.

  ACs                  q~m~ (mg g^−1^)   References
  -------------------- ----------------- ---------------------------------------------------------
  Human hair           128.5             Ahmed, et al. \[[@B16-molecules-24-04534]\]
  Chicken feather      388.3             Li, Hu, Meng, Su and Wang \[[@B13-molecules-24-04534]\]
  Rice-husk            58.8              Chen, et al. \[[@B17-molecules-24-04534]\]
  Bamboo charcoal      27.7              Liao, et al. \[[@B18-molecules-24-04534]\]
  Rice husk ash        8.37              Liu, et al. \[[@B19-molecules-24-04534]\]
  Sugar cane bagasse   239.6             This study
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###### 

Model ID Parameters of TCH Removal onto ZBAC (two-sector).

  Model ID   *q~e,exp~* mg g^−1^   *k~i~* mg^−1^ g min^−1/2^   *C* mg g^−1^   *R* ^2^
  ---------- --------------------- --------------------------- -------------- ---------
             Sector \#1                                                       
  298 K      19.938                1.073                       17.938         0.9013
  308 K      21.885                1.250                       13.310         0.9629
  318 K      22.335                2.079                       13.330         0.9696
             Sector \#2                                                       
  298 K      23.818                0.3948                      17.938         0.9743
  308 K      23.999                0.5875                      17.593         0.9891
  318 K      23.999                0.7908                      18.812         0.9571
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###### 

Breakthrough curve parameters for adsorption of TCH onto ZBAC.

  No.   mL/min   cm     K     mg/L   pH    min   mL     mg/g    \%      min    mL      mg/g    \%      g     mg/L    min    cm
  ----- -------- ------ ----- ------ ----- ----- ------ ------- ------- ------ ------- ------- ------- ----- ------- ------ ------
  1     1        3      298   120    3.5   105   105    15.24   96.77   580    580     42.07   49.21   0.8   112.8   2.85   2.46
  2     1        3      298   180    3.5   180   180    39.87   98.45   730    730     91.73   55.84   0.8   169.2   2.85   2.26
  3     1        3      298   240    3.5   70    70     14.94   99.63   850    850     105.3   41.3    0.8   227.5   2.85   2.75
  4     1        3.75   298   240    3.5   230   230    54.62   98.95   1105   1105    126.4   47.67   1     236.5   3.56   2.97
  5     1        4.5    298   240    3.5   180   180    35.46   98.51   1530   1530    118.9   38.88   1.2   237.8   4.27   3.97
  6     1.5      3      298   240    3.5   55    82.5   24.03   98.23   605    907.5   100.1   46.77   0.8   230.4   1.9    2.73
  7     2        3      298   240    3.5   40    80     23.15   96.45   240    480     61.55   42.75   0.8   225.2   1.43   2.5
  8     1        3      308   240    3.5   130   130    37.95   97.31   905    905     123.5   45.5    0.8   232.8   2.85   2.57
  9     1        3      318   240    3.5   130   130    37.94   97.34   1005   1005    134.9   44.5    0.8   238.8   2.85   2.61
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###### 

Six models parameters at different conducted conditions.

  Model           Parameters                              1        2       3        4       5        6       7       8       9
  --------------- --------------------------------------- -------- ------- -------- ------- -------- ------- ------- ------- -------
  Adams--Bohart   *K~AB~* (L mg^−1^ min^−1^) × 10^−5^     6.951    3.684   2.126    1.406   3.137    3.008   9.307   2.143   1.710
                  *N~0~* (mg L^−1^) × 10^4^               0.932    2.041   2.367    2.293   2.469    2.154   1.300   2.692   2.984
                  *R^2^*                                  0.958    0.955   0.9459   0.966   0.9659   0.937   0.945   0.945   0.928
  Thomas          *K~th~* (L mg^−1^ min^−1^) × 10^−5^     6.967    3.685   2.071    1.969   3.137    3.002   9.309   2.164   1.694
                  *q~0~* (mg g^−1^)                       41.13    91.69   97.15    97.43   112.6    84.77   56.72   115.2   126.4
                  *R^2^*                                  0.958    0.955   0.9412   0.923   0.9659   0.938   0.946   0.945   0.928
  Yoon--Nelson    *K~YN~* (min^−1^) × 10^−2^              0.836    0.675   0.502    0.472   0.753    0.720   2.234   0.520   0.411
                  *τ~cal~* (min)                          274.1    403.5   320.6    487.1   469.4    188.4   94.53   384.2   417.0
                  *R^2^*                                  0.958    0.955   0.9412   0.964   0.9659   0.938   0.945   0.945   0.928
  BDST            *K~BDST~* (L mg^−1^ min^−1^) × 10^−5^   6.967    3.727   2.072    1.969   3.137    3.002   9.309   2.164   1.711
                  *N~0~* (mg L^−1^) × 10^4^               0.894    1.974   2.112    2.118   2.449    1.843   0.616   25.06   2.720
                  *R^2^*                                  0.958    0.955   0.9412   0.923   0.9659   0.937   0.945   0.945   0.928
  Dose Response   *q~0~* (mg g^−1^)                       36.68    78.25   82.15    89.09   108.9    66.66   49.28   98.66   103.4
                  *α*                                     2.166    2.421   1.618    1.892   3.025    1.519   2.037   1.947   1.668
                  *R^2^*                                  0.9940   0.974   0.9906   0.99    0.9934   0.98    0.997   0.988   0.968
  Clark           *A*\*10^3^                              3.922    14.13   0.617    7.736   2.076    0.281   3.323   1.581   2.087
                  *r* (min^−1^) × 10^−2^                  1.764    1.492   0.981    1.152   1.869    1.302   4.995   1.036   0.956
                  *R^2^*                                  0.902    0.918   0.8841   0.868   0.9246   0.837   0.89    0.884   0.882
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###### 

Desorption parameters for adsorption--desorption cycles, using a fixed-bed column for the removal of TCH (240 mg/L) by anhydrous alcohol-treated ZBAC (0.8 g) at different flow rate.

  Q     q~total,d~   q~e,d~   t~p~   *C~p~*   *CF~p~*
  ----- ------------ -------- ------ -------- ---------
  1.0   10.54        13.18    20     117.5    0.489
  1.5   5.276        6.595    15     58.50    0.244
  2.0   4.479        5.599    10     16.31    0.068
